Crystal Structure of Negative Cofactor 2 Recognizing the TBP-DNA Transcription Complex  by Kamada, Katsuhiko et al.
Cell, Vol. 106, 71–81, July 13, 2001, Copyright 2001 by Cell Press
Crystal Structure of Negative Cofactor 2
Recognizing the TBP-DNA
Transcription Complex
TFIIH yields a functional PIC that is capable of accurate
initiation of RNA synthesis in vitro.
Biochemical and genetic studies have identified vari-
ous classes of macromolecules that serve as regulators
of transcription initiation. A considerable amount is
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known about transcriptional activators and repressors3 Howard Hughes Medical Institute
that recognize DNA sequence motifs within promoterThe Rockefeller University
proximal or distal enhancer regions and support tissue1230 York Avenue
and/or gene specific transcriptional regulation. In addi-New York, New York 10021
tion, we have come to appreciate that important biologi-4 Department of Gene Expression
cal roles are played by positive and negative cofactors,Institute for Immunology
which interact directly with components of the generalNational Research Center of Environment and
transcription machinery (Burley and Roeder, 1996; Kai-Health and Laboratory for Molecular Biology
ser and Meisterernst, 1996). NC2 (Dr1-DRAP1), the bestLudwig Maximilians University, Munich
characterized negative cofactor and the subject of thisMarchionini-Strasse 25
paper, was first identified in extracts of human tumorD-81377 Munich
cells as a biochemical activity that inhibits transcriptionGermany
initiation by pol II via direct interactions with the TBP-
DNA binary complex (Inostroza et al., 1992; Meisterernst
and Roeder, 1991).
NC2 is composed of two subunits (: 22 kDa; : 20Summary
kDa) that are conserved among eukaryotes and essen-
tial for Saccharomyces cerevisiae viability (Gadbois etThe X-ray structure of a ternary complex of Negative
al., 1997; Kim et al., 1997). The amino acid sequencesCofactor 2 (NC2), the TATA box binding protein (TBP),
of NC2  and  are related, respectively, to those ofand DNA has been determined at 2.6 A˚ resolution. The
histones H2A and H2B, and heterodimerize throughN termini of NC2  and  resemble histones H2A and
N-terminal core histone-like regions (Goppelt et al.,H2B, respectively, and form a heterodimer that binds
1996; Kim et al., 1996; Mermelstein et al., 1996). In vitro,to the bent DNA double helix on the underside of the
the NC2 heterodimer blocks PIC assembly by recogniz-preformed TBP-DNA complex via electrostatic inter-
ing the TBP-DNA complex and inhibiting incorporationactions. NC2 contributes to inhibition of TATA-depen-
of TFIIB and the positive cofactor TFIIA (Goppelt et al.,dent transcription through interactions of its C-ter-
1996; Kim et al., 1996).minal  helix with a conserved hydrophobic feature
Historically, NC2 was thought to be a general negativeon the upper surface of TBP, which in turn positions
regulator of transcription initiation, and this remains thethe penultimate  helix of NC2 to block recognition
case for our understanding of its general effect on TATA-of the TBP-DNA complex by transcription factor IIB.
dependent transcription initiation (Maldonado et al.,Further regulatory implications of the NC2 hetero-
1999). Genetic interactions between NC2 and distinctdimer structure are discussed.
subunits of the SRB/Mediator component of the yeast
pol II holoenzyme (Gadbois et al., 1997; Kim et al., 2000;Introduction
Lee et al., 1998; Lemaire et al., 2000) suggest that NC2
plays an important role in vivo by establishing the appro-
Transcription initiation by RNA polymerase II (pol II) is
priate balance between positive and negative cofactors.
an intricate, exquisitely controlled process involving a Inactivation of NC2 in yeast, however, did reveal some
large number of transcription factors, which carry out a evidence of limited positive effects (Prelich, 1997). More
variety of biochemical functions with one another and recently, NC2 has been shown to play a positive role
with DNA sequence elements found within class II nu- in transcription initiation controlled by a downstream
clear gene promoters. The so-called general transcrip- promoter element (DPE, located 30 bp downstream
tion factors TFIID (consisting of the TATA box binding of the transcription start site) in certain Drosophila mela-
protein [TBP] and TBP-associated factors or TAFs), nogaster gene promoters (Willy et al., 2000). NC2 has
TFIIB, TFIIF, TFIIE, and TFIIH convey pol II to the core also been shown to be associated with PICs assembled
promoter (consisting of about 60 base pairs [bp] flanking on actively transcribing promoters in yeast (Geisberg et
the transcription start site) and orchestrate preinitiation al., 2001), and with the hyperphosphorylated form of the
complex (PIC) assembly (Roeder, 1996). In the most human pol II holoenzyme (Castano et al., 2000).
general case, PIC assembly begins with recognition of Previously published structural studies have provided
the TATA element by the TBP subunit of TFIID. Subse- detailed insights into the first step in PIC assembly,
quent association of TFIIB, yielding a TFIIB-TBP-DNA the mechanisms of action of TFIIB and TFIIA, and the
ternary complex, facilitates entry of pol II and associated architecture of TFIID. TBP is a highly conserved, pseu-
TFIIF into the complex. Finally, binding of TFIIE and dosymmetric, two-domain DNA binding protein that re-
sembles a saddle (Chasman et al., 1993; DeDecker et al.,
1996; Nikolov et al., 1992). When bound to the concave5 Correspondence: burley@rockefeller.edu
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Figure 1. NC2 Subunit Sequence Alignments, Human Core TBP, Crystallization DNA, and Ternary Complex Formation Assay
Sequence alignments of NC2  (A) and  (B) from human, Xenopus laevis, D. melanogaster, Caenorhabditis elegans, and S. cerevisiae, plus
X. laevis H2A and H2B core histones (human NC2 residue numbering is used for both subunits). For NC2 , only the conserved core histone
regions are shown, with lower case letters corresponding to the 21 unrelated amino acids fused to the C terminus beyond residue 77
(Experimental Procedures). Labeled secondary structure elements ( helices, rectangles; random coil regions, solid lines; and disordered
residues, broken lines) of NC2  and  are illustrated with light and dark blue, respectively. Phylogenetically conserved regions are shaded
yellow. NC2  and  residue codes: p, pair residues involved in intermolecular interactions; *, DNA contacts; #, TBP contacts; bold, point
mutations illustrated in Figure 1E; and ^, NC2  residues responsible for stabilizing the crystal lattice. H2A and H2B residue codes: •, DNA
contacts within the nucleosome core particle. TBP residue codes: #, NC2  and  contact residues; bold single letter amino acid code,
positions of yeast TBP mutants deficient in binding NC2 (Cang et al., 1999).
(C) Sequence of conserved core region of human TBP with direct repeats aligned one above the other (corresponding to quasiidentical
N- and C-terminal domains). The secondary structure elements are labeled and indicated with green shading.
(D) Synthetic 19 bp DNA oligonucleotide with TATA element boundaries denoted by gray shading.
(E) Electrophoretic gel mobility assays (Malik et al., 1998) of NC2-TBP-DNA ternary complex (T•NC) formation. Reaction mixtures contain end-
labeled crystallization DNA (0.5 ng), 10 ng TBP, and varying amounts of wild-type (wt) or mutant NC2: 0 ng, lane 1; 25 ng, lanes 2, 4, 6, 8,
and 10; 100 ng, lanes 3, 5, 7, 9, and 11. Nonspecific competitor DNA was not included.
underside of TBP, the TATA element undergoes an enor- TATA element, which is consistent with its role as a
positive cofactor. X-ray crystallographic studies of vari-mous distortion via induced-fit (Juo et al., 1996; Kim et
al., 1993a, 1993b; Nikolov et al., 1996; Patikoglou et al., ous TAFII components of TFIID revealed pairs of core
histone-like heterodimers, including D. melanogaster1999). The resulting protein-DNA complex serves as a
stable platform for recruitment of TFIIB, which uses two TAFII40/TAFII60 (Xie et al., 1996) and human TAFII18/
TAFII28 (Birck et al., 1998).cyclin-A-like domains to recognize the preformed TBP-
DNA binary complex (Kosa et al., 1997; Nikolov et al., To understand the molecular mechanisms responsi-
ble for transcriptional regulation by NC2, we determined1995; Tsai and Sigler, 2000). TFIIB interacts with DNA
both up- and downstream of the TATA element and the X-ray structure of human NC2 recognizing a pre-
formed binary complex of human TBP bound to a TATAmakes contacts with the C-terminal stirrup of TBP. The
TFIIB-TBP-DNA ternary complex provides the recogni- element at 2.6 A˚ resolution. The N-terminal portions of
NC2  and  resemble H2A and H2B, respectively, andtion site for entry of pol II, which is in turn directed to
the transcription start site. The structure of the TFIIA- form an intimate heterodimer that binds to the underside
of the TBP-DNA complex, permitting the C terminus ofTBP-DNA ternary complex (Geiger et al., 1996; Tan et
al., 1996) documented binding of TFIIA to the opposite NC2 to make specific contacts with the upper surface
of the molecular saddle and block entry of TFIIB. TheN-terminal stirrup of TBP and to DNA upstream of the
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OverviewTable 1. Statistics of the Crystallographic Analysis
The X-ray structure of the NC2-TBP-DNA ternary com-
Intensity Data Processing plex is illustrated in Figure 2. As predicted (Baxevanis
Resolution 20–2.62 A˚ et al., 1995; Goppelt et al., 1996; Kim et al., 1996; Mer-
Rsym 5.8% melstein et al., 1996), the N-terminal portions of both
Number of measurements 562,756 subunits closely resemble the core histone motif, which
Number of unique reflections 21,406 consists of a long central  helix flanked on each side
Completeness 98.4%
by a short  helix (Arents and Moudrianakis, 1995).I /(I ) 19.6
Throughout this paper, structural details of the core his-
Refinement Statistics tone motif are described using L0, H1, L1, H2, L2, and
Resolution 20–2.62 A˚ (|Fo|  2 |Fo|) H3 to identify each segment within the histone fold (L0
Completeness 94.8% denotes residues N-terminal to  helix H1, and italics
Rcryst/Rfree 23.2%/27.6% denote the corresponding secondary structural compo-
Rmsd bond lengths 0.006 A˚
nents of NC2). The NC2 heterodimer binds to the majorRmsd bond angles 1.2
groove face of the TATA element DNA beneath the mo-
Rsym  |I 	 I|/ I, where I is observed intensity, I is average lecular saddle and makes a modest number of protein-
intensity obtained from multiple observations of symmetry related protein contacts with the N-terminal stirrup of TBP (site
reflections.
1; Figure 2). The remainder of NC2 traverses up andRcryst||Fobserved|	 |Fcalculated||/|Fobserved|. Rfree is Rcryst, calculated using
over the saddle.  helix H4 interacts with the DNA back-7% of the data, chosen randomly, and omitted from refinement.
bone, and  helix H5 makes numerous contacts with
the upper surface of the C-terminal domain of TBP (site
2; Figure 2). Ternary complex assembly involves burialstructure of the heterodimer also provides some insights
of about 6,070 A˚2 of solvent-accessible surface area.into possible mechanisms underlying the positive ef-
Formation of the TBP-TATA element binary complexfects of NC2.
buries about 2,800 A˚2. Addition of NC2 results in occlu-
sion of another 1,550 A˚2 of DNA surface and anotherResults and Discussion
1,740 A˚2 of TBP surface (site 1: 510 A˚2; site 2: 1230 A˚2).
Structure Determination and Refinement
A C-terminal truncated form of human NC2 and full- NC2  and  Resemble Histones H2A and H2B
Comparison of the histone-like regions of the NC2 sub-length human NC2 were coexpressed, copurified, and
cocrystallized with human core TBP bound to a 19 base unit structures with histones H2A and H2B (Figure 3)
revealed a root-mean-square deviation (rmsd) betweenpair (bp) oligonucleotide bearing the Adenovirus major
late promoter TATA element (Experimental Procedures; -carbon atomic pairs of the central H2  helices of
NC2(33–59)/NC2(33–60) versus H2A(46–72)/H2B(53–Figure 1). The NC2 heterodimer used for crystallography
includes the N-terminal core histone-like regions from 80) of 1.4 A˚. Although the  and  subunits of NC2 are
similar to H2A and H2B, respectively, four significantboth subunits and the conserved C terminus of NC2,
which contribute to NC2-TBP-DNA ternary complex for- differences are apparent in Figure 3. First, the trajecto-
ries of H1 and L1 of NC2 are distinct from those seenmation and transcriptional repression (Goppelt et al.,
1996; Kim et al., 1997; Mermelstein et al., 1996; Yeung in H2A. Second, L2 of NC2 appears to be disordered
in our electron density maps, which could be explainedet al., 1997). The dispensable divergent C terminus of
NC2 (Goppelt et al., 1996) was removed to facilitate by the absence of DNA contacts with this portion of the
NC2 heterodimer. Third, the orientations of the H3 crystallization. Assays of ternary complex formation
(Figure 1E) and repression of transcription initiation in helices (relative to H2) and the C termini differ markedly
between NC2 and H2A. The truncated form of NC2vitro (data not shown) documented that the form of NC2
used for crystallography has the same biochemical used for crystallization lacks a conserved sequence mo-
tif (shaded yellow in Figure 1A), which corresponds toproperties as full-length wild-type and recombinant
NC2. a short fourth helix in H2A. Finally, H4 of NC2 is longer
than its H2B counterpart and is significantly different atThe X-ray structure of the NC2-TBP-DNA ternary com-
plex was determined at 2.6 A˚ resolution via molecular its N terminus. In NC2, the first turn of H4 adopts a 310
conformation (residues 80–82) that is stabilized by anreplacement using our previously published structure
of the TBP-DNA binary complex (Nikolov et al., 1996) i 	 i
3 - interaction between Phe80 and Tyr83, both
of which also contribute to heterodimer stability.as a search model. AMoRe (Navaza, 1994) gave a single
solution with correlation coefficient  0.35 and an R As in the H2A/H2B and H3/H4 histone heterodimers
(Arents and Moudrianakis, 1995), NC2  and  interactfactor of 48.1%. Subsequent (2|Fobserved|	 |Fcalculated|) differ-
ence Fourier syntheses yielded interpretable electron with one another in a head-to-tail fashion. Heterodimer
formation buries about 3,950 A˚2 of solvent-accessibledensity for TBP, DNA, and the histone-like portions of
NC2  and . Iterative model building and refinement surface area, which is largely hydrophobic. Intermolecu-
lar interactions stabilizing the NC2 heterodimer involveenhanced the quality of the electron density map, even-
tually permitting unambiguous identification of -helical segments of both polypeptide chains, including L0-L0,
L0-H1, H1-L0, H1-H2, L1-L0, L1-H2, L1-L2, H2-H1, H2-electron density features corresponding to the con-
served C terminus of NC2. Crystallographic refinement L1, H2-H2, H2-L2, H2-H3, L2-L1, L2-H2, and H3-H2.
“Pair” residues (denoted with “p” in Figures 1A andconverged with a final R factor of 23.2% with R free 
27.6%. (Experimental Procedures; Table 1). 1B) supporting these intermolecular contacts span the
Cell
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Figure 2. NC2-TBP-DNA Ternary Complex Structure
(A) Histone-like portions of human NC2  (light blue) and  (dark blue) bound the underside of the bent DNA double helix of the preformed TBP
(green)-DNA (yellow/orange) binary complex (the prime symbol denotes the secondary structural elements of the C-terminal domain of TBP
throughout).
(B) View perpendicular to the axis of approximate intramolecular 2-fold symmetry of TBP from the vantage point of the transcription start
site, showing H5 of NC2 interacting with the C-terminal half of TBP (site 2). Interaction site 1 involves L1 of NC2 and the N-terminal stirrup
of TBP. Identical color coding for NC2 subunits, TBP, and DNA strands is used in all illustrations.
length of the histone motif and appear in similar loca- of amino acid sequence identity (31%–96%, Figures 1A
and 1B) and the pattern of amino acid differences acrosstions as “pair” residues identified within the H2A/H2B
heterodimer (Arents and Moudrianakis, 1995). The level phyla allow us to conclude that the histone-like portions
Figure 3. NC2 Subunit Structures
(A and B) Orthogonal views of -carbon backbone superpositions of NC2 with H2A (pink) and NC2 with H2B (magenta), respectively. The
C-terminal half of H4 and all of H5 of NC2 have been omitted for clarity.
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of all NC2 heterodimers share the same three-dimen- Within the TATA box, Lys29 of NC2 projects into the
minor groove (Figures 4A and 4C), making a lone side-sional structure (Sander and Schneider, 1991).
Beyond the C terminus of the histone-like portion of chain-base contact with Cyt(	13) (NZ-O2 3.9 A˚). There
are no observed contacts between NC2 and the majorNC2, the polypeptide chain forms two long (45 A˚ each)
 helices (H4 and H5; Figure 2). The N-terminal half of groove face of the TATA box, making it unlikely that
NC2 recognizes TFIID (or TBP)-bound class II nuclearH4 is stabilized by interactions with NC2 (H2-H4) and
within NC2 (H3-H4). Given the extended nature of the gene promoters via major groove interactions that are
specific for particular TATA elements.structure of the C terminus of NC2, it is highly likely
that H5 and the remainder of H4 are random coil in the Nucleosome-like DNA contacts involving H1 of NC2
are also present in our NC2-TBP-DNA structure, albeitabsence of the TBP-DNA binary complex (see below).
in the guise of lattice packing interactions with a neigh-
boring ternary complex. H1 residues (Arg15, Ala16,NC2 Recognizes the Preformed TBP-TATA
Asn19, Lys23) and Arg36 of H2 stabilize interactionsElement Complex
between adjacent ternary complexes via Watson-CrickThe NC2 heterodimer acts as a molecular clamp, grip-
hydrogen bonding of Ade (	1) to Thy (1) from an adja-ping the upper and lower surfaces of the TBP-DNA bi-
cent oligonucleotide (Figure 4A). In the context of anary complex (Figure 2). The results of quantitative com-
longer TATA-containing oligonucleotide, it is possibleparisons of the current structure with our previously
that H1 and L1 of NC2make nucleic acid contacts thatpublished structure of human TBP-DNA complex (PDB
resemble interactions between H2B and DNA within thecode 1cdw [Nikolov et al., 1996]) demonstrate that NC2
nucleosome (Luger et al., 1997).is recognizing the preformed complex of the TBP molec-
ular saddle sitting astride the distorted TATA element
(rmsds of 0.4 A˚ for equivalent TBP -carbon atom pairs Two C-Terminal  Helices of NC2 Support TBP
and 0.6 A˚ and all nonhydrogen atom pairs within the and TFIID Recognition
TATA element, 5-TATAAAAG-3). Moreover, the struc- The remainder of the NC2 molecular clamp is composed
ture of the TBP-DNA binary complex within our NC2- of the C-terminal  helices (H4 and H5; Figure 5A) of
TBP-DNA ternary complex is essentially identical to that NC2. The polar, penultimate helix, H4, makes back-
observed in all previously determined TBP-DNA, TFIIB- bone contacts with both DNA strands on the 3 side of
TBP-DNA, and TFIIA-TBP-DNA cocrystal structures (re- the TATA element (Lys95, Arg101, Lys102; Figure 4) as
viewed in Patikoglou et al., 1999). TBP-DNA contacts it projects upwards from the underside of the molecular
within our NC2-TBP-DNA ternary complex (Figure 4A) saddle. The C-terminal helix, H5, lies atop a continuous
recapitulate virtually all of the protein-nucleic interac- swath on the upper surface of TBP (color-coded ma-
tions observed in our structure of the human TBP-DNA genta and green in Figure 5B). The most intimate NC2-
binary complex (Nikolov et al., 1996) and will not be TBP contacts occur in a phylogenetically invariant con-
discussed further. cavity on the upper surface of the C-terminal domain of
the molecular saddle. This depression is largely hy-
drophobic and is comprised of the loop between H1NC2 and H2A/H2B Display Similar DNA
Binding Properties and S2, S3, the loop connecting S3 and S4, and the
C-terminal half of H2 (site 2; Figure 2). Residues 115–The stability of the ternary complex comes from favor-
able van der Waals and electrostatic interactions be- 133 of H5 of NC2 participate in salt bridges, hydrogen
bonds (distance between donor and acceptor given),tween NC2 and the TBP-DNA binary complex. Like H2A/
H2B, the calculated electrostatic potential of the upper and van der Waals contacts (4.1A˚) with TBP (Figure
5C, NC2 residues are given in italics, and TBP residuesurface of the histone-like portion of the NC2 hetero-
dimer is highly basic (Figure 4B). This region of positive numbers are followed by t). Most of the observed NC2-
TBP interactions involve residues that are either invari-electrostatic potential permits favorable polar interac-
tions with the negatively charged nucleic acid back- ant or highly conserved on both sides of the protein-
protein interface, including Glu115–Ile296t (vdW),bones bound beneath the molecular saddle. The NC2
and H2A/H2B heterodimers exhibit similar DNA binding Glu115–Arg299t (OE2-NH2  3.0 A˚), Leu118–Phe280t
(vdW), Leu118–Ile296t (vdW), Gln122–Tyr293t (NE2-OH properties, despite the fact that the length of our crystal-
lization oligonucleotide (19 bp) represents only about 3.1 A˚), Gln122–Arg294t (NE2-O  3.3 A˚), Gln122–Ile296t
(OE1-N  2.8 A˚), Leu125–His277t (vdW), Leu125–Phe280tone half of the 36-37 bp required to span a heterodimer
within the nucleosome (Luger et al., 1997). H1 of NC2 (vdW), Phe126–Met295t (vdW), Phe126–Ile331t (vdW),
Ala129–Ile331t (vdW), and Gln133–Pro330t (NE2-O makes salt bridges and water-mediated hydrogen
bonds (Figure 4A) with the backbone of the top DNA 3.3 A˚). Three additional intermolecular interactions
(Leu119–Lys297t [vdW], Gln121–Gln279t [OE1-NE2 strand (orange in Figures 4B and 4C) upstream of the
TATA element (Arg16, Lys19), and with the backbone of 2.8 A˚], Arg130–Asn327t [NH1-OD1  3.7 A˚]) involve di-
vergent residues.the bottom DNA strand (yellow in Figures 4B and 4C)
within the TATA box (Lys18). L2 of NC2 interacts with The structure of the ternary complex makes it highly
likely that the C-terminal half of  helix H4 and all of the backbone of the top DNA strand downstream of the
TATA element (Lys63, Lys64, Thr65; Figures 4A and 4C). helix H5 are random coil in solution. Given the observed
NC2 interactions with the DNA and with the upper(For reference, the nucleosome structure [Luger et al.,
1997] showed that H1 and the L1-H2 junction in H2A surface of TBP, we suggest that NC2 binding occurs in
two stages. Initially, the core histone-like heterodimerand L2 of H2B make numerous DNA backbone contacts,
involving residues denoted with • in Figures 1A and 1B). would interact with the DNA on the underside of the
Cell
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Figure 4. Protein-DNA Contacts
(A) Schematic representation of DNA contacts made by TBP and NC2 and  as viewed from the minor groove face (bp 19 omitted). Gray
bars represent TATA element boundaries. Color-coded boxes denote residues making DNA contacts 4.1 A˚ (green, TBP; light blue, NC2;
and dark blue, NC2). Connecting lines indicate hydrogen bonds and salt bridges (3.5 A˚), with 
 and  denoting main chain and long-range
contacts (3.5–4.0 A˚), respectively. Intervening water molecules are shown as solid blue circles. A schematic view of the critical lattice-packing
interaction is provided at top left (light lines indicate neighboring DNA, related by crystallographic 2-fold symmetry).
(B) GRASP (Nicholls et al., 1991) representation of the surface electrostatic properties of the NC2 heterodimer. Red and blue respectively
represent electrostatic potentials	10 and 
10 kBT, where kB is the Boltzmann constant and T is the temperature. DNA backbones are depicted
as color-coded ribbons. View chosen to emphasize the clamp-like appearance of the NC2 heterodimer.
(C) Orthogonal views of the NC2 heterodimer with duplex DNA. Residues making hydrogen bonds with DNA are shown as atomic stick figures
and labeled. DNA strands are color-coded orange for top strand (nucleotides numbered 5–3 1 → 18 in Figure 1D) and yellow for bottom
strand (nucleotides numbered 5–3 	18 → 	1 in Figure 1D).
TBP-DNA binary complex via electrostatic interactions. arguments can be made for the TBP interacting residues
within Glu115-Gln133, which stabilize the conformationDirectional NC2 binding would then be dictated by the
structural consequences of target induced disorder-to- of  helix H5. It is also possible that NC2 binding polarity
is partially determined by the interactions between theorder transitions within the C terminus of NC2. We
presume that Lys95, Arg101, and Lys102 (Figure 4) con- N-terminal stirrup of TBP and L1 of NC2 (Figure 2; site
1). Carbonyl oxygen atoms within L1 of NC2 make atribute to this process by making favorable contacts
with the backbones of both DNA strands downstream series of backbone-sidechain contacts with TBP
(Gln22–Arg92t, Asp24–Arg92t, Glu26–Lys91t, Ile27–of the TATA element, thereby facilitating a random coil
to  helix transition that would give rise to H4. Similar Arg92t, Gly28–Arg92t; Figures 1A and 1C). These elec-
X-Ray Structure of the NC2-TBP-DNA Ternary Complex
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Figure 5. TBP Recognition by NC2
(A) Representative electron density map (2|Fobserved|	|Fcalculated|) contoured at 1.0, showing H4 and H5 of NC2 (blue -carbon backbone) and
TBP (green -carbon backbone).
(B) Molecular surface of TBP, color-coded green or magenta wherever the surface overlies a residue (labeled) that makes contact with NC2
( 4.1 A˚ between nonhydrogen atoms). NC2, NC2, and DNA are shown as color-coded ribbons. Magenta color coding also denotes surface
overlying TBP residues detected in the UAS bypass genetic screen (Cang et al., 1999).
(C) Stereodiagram of the NC2-TBP interface, showing H5 of NC2 binding to the upper surface of the C-terminal domain of TBP (site 2). Key
residues are labeled with single-letter amino acid code, and select hydrogen bonds and salt brides are indicated with broken lines.
trostatic interactions explain not only differences in the protein interface (Figure 5C) is minimal. (Gln122→Glu
[122QE] and, to a lesser extent, Phe126→Ala [126FA]observed L1 loop trajectories of NC2 and histone H2A
(Figure 3A), but also the conservation of basic residues mutant forms of NC2 yielded residual ternary complexes
with slower mobility than the T•NC complex, which mayin the N-terminal stirrup of TBP (Figure 1C).
We employed site-directed mutagenesis to change reflect a distinct, nonspecific NC2-TBP-DNA complex
stabilized by weaker interactions between the histone-Gln121→Glu, Gln122→Glu, Gln123→Glu, and Phe126→Ala
(respectively denoted 121QE, 122QE, 123QE, and 126FA like portion of NC2 and the underside of the TBP-DNA
complex.)in Figure 1E) to evaluate their respective roles in stabiliz-
ing the NC2-TPB-DNA ternary complex in vitro. As ex- Our structure of the NC2-TPB-DNA ternary complex
also explains the results of a genetic screen performedpected, the Gln123→Glu substitution has no effect on
ternary complex formation (Gln123 does not make any by Prelich and coworkers (Cang et al., 1999). Yeast TBP
gene mutations were selected in vivo on the basis ofcontacts with TBP). In contrast, the Gln122→Glu and
Phe126→Ala substitutions destabilize the NC2-TBP- increased suc2 gene transcription in an upstream acti-
vation sequence (UAS) bypass assay. In the absenceDNA complex (Figure 1E). Gln122→Glu would be ex-
pected to disrupt part of the favorable hydrogen bond of an intact UAS within the suc2 promoter, suc2 gene
expression is dramatically reduced because of the inhib-network with the sidechain of Tyr293t, the carbonyl
group of Arg294t, and the backbone amide of Ile296t itory effects of NC2 and other negative cofactors (Pre-
lich, 1997). Disruption of interactions between yeast NC2(Figure 5C). Phe126→Ala would be expected to elimi-
nate observed van der Waals interactions with the side- and the yeast transcription machinery would be ex-
pected to restore suc2 gene expression by eliminatingchains of Met295t and Ile331t (Figure 5C). We believe
that both of these mutations compromise polar and van the repressive effects of NC2. Various yeast TBP muta-
tions mapping to the heart of the observed NC2-TBPder Waals interactions at the heart of the NC2-TBP inter-
face, whereas the effect of the isosteric Gln121→Glu interface (magenta swath in Figure 5B; His277t, Phe280t,
Tyr293t, Pro330t, and Ile331t using human TBP number-substitution (Figure 1E) on the perimeter of the protein-
Cell
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Figure 6. Transcription Inhibition by NC2
NC2 binding precludes recruitment of TFIIB and TFIIA to a preformed TBP-DNA complex. Molecular surface representations of NC2 (blue
mesh), TFIIB (solid gray), and TFIIA (red mesh) bound to TBP (green) and DNA (yellow/orange ribbons). Superposition was generated by
overlaying the -carbon atoms of TBP from the NC2-TBP-DNA, TFIIB-TBP-DNA (Tsai and Sigler, 2000), and TFIIA-TBP-DNA (Tan et al., 1996)
ternary complex structures.
ing) block yeast NC2 activity in vivo. These yeast muta- Transcriptional Regulation by NC2
The structure of the NC2-TBP-DNA ternary complex hastions would eliminate many of the observed polar inter-
implications for both PIC assembly and transcriptionalactions (supported by Tyr293t) and van der Waals
regulation. The dramatic TBP-induced bend in the corecontacts (supported by His277t, Phe280t, Ile331t) with
promoter is unaffected by NC2 binding, and appears to helix H5 of yeast NC2. Mutation of invariant Pro330t
be recognized by the core histone-like portion of thewould alter the trajectory of the C terminus of  helix
NC2 heterodimer in a manner reminiscent of interactionsH2 of yeast TBP, and in turn destabilize the NC2-TBP-
between the H2A/H2B heterodimer and DNA in theDNA ternary complex.
nucleosome core particle. NC2 recognizes the pre-These yeast TBP UAS bypass mutations interfere with
formed TBP-TATA element binary complex, making sig-yeast NC2 binding but do not appear to compromise
nificant protein-protein contacts with both domains ofincorporation of TBP and TAFIIs into a functional TFIID
TBP (sites 1 and 2; Figure 2) that appear to precludeassembly, since the TAFIIs are essential for cell viability
recruitment of both TFIIB and TFIIA to the core promoter.(Green, 2000). This finding suggests that our X-ray struc-
Superposition of three ternary complex crystal struc-ture also serves to further delimit possible binding sites
tures (NC2-TBP-DNA, TFIIB-TBP-DNA, TFIIA-TBP-DNA;for the TAFIIs to the upper surface of the N-terminal
Figure 6) provides a structural explanation for the resultsdomain of TBP. Combining the current structure with
of earlier competitive binding studies (Inostroza et al.,those of the TFIIB-TBP-DNA (Kosa et al., 1997; Nikolov
1992; Meisterernst and Roeder, 1991). The potential for
et al., 1995; Tsai and Sigler, 2000) and TFIIA-TBP-DNA
a very significant steric clash between H4 of NC2 and
(Geiger et al., 1996; Tan et al., 1996) ternary complexes TFIIB is readily apparent in Figure 6 (see interpenetration
leaves only the left half of the upper surface of the molec- of gray and blue molecular surfaces). H4 of NC2 occu-
ular saddle available for TAFII binding (Figures 2B and 5B). pies the same spatial location in the NC2-TBP-DNA (in-
We conclude that the concordance between the struc- hibitory) ternary complex as the N-terminal cyclin A-like
ture of the NC2-TBP-DNA ternary complex and the re- domain of TFIIB in the TFIIB-TBP-DNA (active) ternary
sults of in vitro and in vivo mutagenesis studies of the complex. In addition, H1 of NC2 occupies the position
NC2-TBP interface demonstrates that our X-ray crystal- of the C-terminal cyclin A-like domain of TFIIB in the
lographic study faithfully captures the behavior of NC2, active ternary complex. The position of L1 of NC2,
both in solution and within the yeast nucleus. Moreover, which is stabilized by interactions with the N-terminal
the remarkable amino acid sequence conservation of stirrup of TBP, would be expected to block TFIIA binding
TBP and NC2 among eukaryotes indicates that all NC2- via steric hindrance (see interpenetration of pink and
TBP-promoter DNA complexes share the structure de- blue molecular surfaces in Figure 6). We suggest that
NC2 exerts its repressive effects on transcription initia-picted in Figure 2.
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tion by acting as a molecular clamp that recognizes the can both inhibit assembly of a functional PIC at the TATA
TBP-DNA binary complex and physically blocks binding element and activate DPE-dependent transcription on
of both TFIIB and TFIIA. separate DNA templates. Unlike inhibition of TATA-depen-
In light of our structure, it is not surprising that the C dent transcription, which requires both the histone-like
terminus of NC2 (H4 and H5) is absolutely required segments of NC2  and  and  helices H4 and H5 of
for inhibition of TATA-dependent transcription initiation NC2 (Goppelt et al., 1996; Willy et al., 2000), activation
(Goppelt et al., 1996; Willy et al., 2000). The bipartite of transcription from a DPE-dependent promoter re-
structure of the C terminus of NC2 recapitulates the quires only the H2A/H2B-like heterodimeric portion of
way in which the biochemical activities of this H2B-like NC2 (Willy et al., 2000). Thus, we can divide our structure
subunit are segregated. Molecular recognition of the into two functional portions (Figure 2): one purely nega-
upper surface of TBP is supported by H5, whereas actual tive (H4 and H5 of NC2) and the other both negative
inhibition of TFIIB binding (and transcription initiation) and positive (L0-H3 of NC2 plus L0-H3 of NC2).
rests primarily on steric interference by H4. We suggest Structural and biochemical characterization of various
that phosphorylation of targets within the C-terminal half histone-like TAFII heterodimers (Birck et al., 1998; Hoff-
of  helix H4 (Ser105 and/or Ser106) could produce mann et al., 1996; Xie et al., 1996) has prompted sugges-
global relief of repression, via electrostatic repulsion of tions that TFIID contains one or more histone octamer-
the DNA backbone (Goppelt et al., 1996). An analogous like structures. Further support for a pseudonucleosome
phosphorylation effect is responsible for relieving global model of TFIID function came from observations that D.
repression of eukaryotic translation by eIF4E binding melanogaster TAFII40 and TAFII60 (which respectively
proteins that block assembly of the translation machin- resemble histones H3 and H4) can be cross-linked to
ery via formation of a ternary complex with eIF4E and DNA (Burke and Kadonaga, 1997; Purnell et al., 1994),
7-methyl-G-capped mRNAs (Marcotrigiano et al., 1999). and that TFIID components can participate in a variety
Structural elucidation of the precise molecular mecha- of protein-DNA interactions (Oelgeschlager et al., 1996).
nism underpinning competition between the general The structural similarity of the H2A/H2B heterodimer
transcription factor TFIIB and NC2 suggests two new and the negative/positive portion of NC2 suggest that
strategies for up-regulation of pol II transcription initia- NC2 can form a higher-order complex with an H3/H4
tion. First, transcriptional activators could bind certain like TAFII heterodimer in TFIID. In the context of activated
promoters and target H4 and/or H5 of NC2 (either di- transcription from a DPE-containing promoter, this
rectly or through bridging contacts with positive cofac- model is particularly intriguing because D. melanogaster
tors). Disruption of critical interactions between NC2 TAFII60 has been cross-linked to the DPE (Burke and
and the TBP-TATA element binary complex could permit Kadonaga, 1997). We suggest that NC2 can recognize
replacement of the NC2 heterodimer by TFIIB at particu- one or more of the core histone-like TAFIIs within TFIID
lar core promoters, thereby selectively relieving repres- (reviewed in Gangloff et al., 2001) and stimulate DPE-
sion of only those genes. Moreover, transcriptional acti- dependent transcription by acting as a protein bridge
vators and/or positive cofactors could bind to and alter within the transcription machinery. The most plausible
the conformations of H4 and/or H5 of NC2, thereby interaction partner for NC2 would be D. melanogaster
allowing productive TFIIB binding to an NC2-TBP-pro- TAFII60, a histone H4 homolog. Although our work does
moter complex. In this case, the histone-like portion of not provide definitive proof for this mechanistic model,
NC2 might remain bound to the core promoter, which the structure of the NC2 heterodimer and previously
is consistent with recent observations in yeast that NC2 published structures of the nucleosome (Luger et al.,
can be coimmunoprecipiated with TBP from the promot- 1997) and the TAFII40/TAFII60 heterotetramer (Xie et al.,ers of actively transcribed genes (Geisberg et al., 2001). 1996) do provide a rational framework for the design of
While these results were interpreted in terms of a experiments to fully test the hypothesis.
positive transcriptional role for NC2, they are equally
consistent with the persistence of an inactive form of
ConclusionNC2 at the core promoter following relief of transcrip-
tional repression. Such a scenario would be analogous
Our work provides a three-dimensional structure of ato the fate of the N-terminal regions of human TAFII250
core histone-like transcriptional regulator and a struc-or D. melanogaster TAFII230 following promoter binding
tural basis for developing a complete mechanistic un-by TFIID. These small TAFII domains bind to the under-
derstanding of NC2 inhibition of TATA-dependent tran-side of the TBP molecular saddle, where they inhibit
scription via recognition of the preformed TBP-promotergene expression by mimicking the structure of the de-
DNA complex. The structure also provides some insightformed TATA box (Liu et al., 1998) and interfering with
into DPE-dependent transcription initiation, and a testa-DNA binding, but obviously remain associated with the
ble model for NC2 interactions with core histone-likeactive form of TFIID during transcription. The structure
TAFIIs in this context. Finally, we believe that this workof the NC2-TBP-DNA ternary complex may also be rele-
provides further evidence that the TBP-TATA elementvant to the presence of TBP and occupation of the TATA
binary complex serves as an evolutionarily invariant ni-element in transcriptionally silent heterochromatin (Sek-
dus for assembly of the pol II transcription machinery.inger and Gross, 1999, 2001).
Although we know almost nothing about how NC2
Experimental Procedurescan act as a positive regulator of transcription initiation
(Geisberg et al., 2001; Prelich, 1997; Willy et al., 2000), Proteins and DNA
our crystal structure does illuminate some aspects of Escherichia coli (BL21[DE3]) was cotransformed with expression
NC2 function at DPE-containing promoters. Kadonaga vectors encoding human NC2 (residues 1–176) fused to an N-ter-
minal hexahistidine tag followed by a cleavage site for human rhino-and coworkers (Willy et al., 2000) have shown that NC2
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virus 3C protease, and a truncated form of human NC2 (residues form of NC2. These polypeptide chain segments appear to be
disordered, and were omitted from the final refinement model. With1–77 plus 21 unrelated amino acids). Difficulties with expression of
truncated forms of human NC2 were overcome by inclusion of the exception of the 19th bp, the electron density (2|Fobserved|	|Fcalculated|)
for the backbones of the oligonucleotide duplex was also continu-these 21 unrelated C-terminal amino acids, which appear to be
functionally silent. Following cell lysis, oligomeric NC2  and  were ous at 1.0.
copurified via standard Ni2
 ion affinity chromatography, and the
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